brain. Thus, it is not the absence per se, but the disintegration of cognitive processing that characterizes loss of consciousness. 1 7 8 Studies of synchronization during anaesthesia focus mainly on the use of coherence. 9 -12 Even though coherence has provided important insights into the study of anaestheticinduced unconsciousness, the effects of phase or amplitude cannot be isolated independently. This is in contrast to methods that study synchronization induced by phase or amplitude relationships separately. A measure that investigates synchronization arising from phase relationships is global field synchrony (GFS). 13 This measure has been applied to synchronization studies of epilepsy, 13 Alzheimer's disease, 14 15 and resting state networks; 16 however, its application in the field of anaesthesia is novel. In this work, we apply GFS to obtain an insight into how the patterns of phase synchrony are affected by anaesthetic administration.
Methods

Data set
The data used in this study were collected during surgery and without limiting administration of anaesthesia to a strict protocol (a detailed description of the data set can be found in previous studies, such as Nicolaou and colleagues). 17 A subset of data from 29 patients with the mean age 42.6 (range 18-74; 1 female patient) undergoing routine general surgery at Nicosia General Hospital, Cyprus, were re-analysed for the purposes of the current study. Data collection was approved by the Cyprus National Bioethics Committee and patients gave written informed consent for their participation. All patients over the age of 18 who were not taking medication acting on the central nervous system were candidates for the study.
Patients under the age of 18 or patients with special disabilities were excluded from the study (for simplifying the written consent procedure). Specific types of surgery, for example, ear-nose -throat surgery, were considered inappropriate for the purposes of the study, as surgeries involving areas proximal to the EEG sensors would render the acquired EEG data unusable due to large artifact contamination from the surgery itself.
The data collection process is described in detail in Nicolaou and colleagues. 17 In summary, all patients were preoxygenated via a face mask before anaesthesia induction with propofol 2-4 mg kg 21 . Anaesthesia was maintained either (i) i.v.
with propofol (23 patients) at 20 -50 ml h 21 (200 -500 mg h 21 ) or (ii) inhalation with sevoflurane (four patients) or desflurane (two patients). In most patients, this was titrated with remifentanil hydrochloride 2-15 ml h 21 (0.1-0.75 mg h
21
). After anaesthetic induction, the patients' trachea was intubated and surgery commenced. Lungs were ventilated with an airoxygen or air-oxygen-N 2 O mixture. During surgery, boluses of neuromuscular blocking agents (cisatracurium, rocuronium, or atracurium) and other drugs were administered as required. The anaesthetic protocol was not standardized in order to identify EEG changes that were independent of the particular type/ combination of agents. A robust method for evaluating consciousness would need to be insensitive to the particular anaesthetic regime. This is important for the future development of a clinical index of hypnosis that can be applied to routine surgery.
EEG data were collected with the TruScan32 system (Deymed Diagnostic, Czech Republic) at a sampling rate of 256 Hz. Electrodes were placed at positions according to the International 10/ 20 system, with an FCz reference. Data were recorded with a 100 Hz analogue low-pass filter throughout the entire anaesthetic procedure (pre-induction, induction, surgical anaesthesia, recovery of consciousness). The point at which the patient responded to verbal commands or tactile stimuli by the anaesthetist defined recovery of consciousness. Patient response was expressed either as voluntary muscular movement in response to a command by the anaesthetist or a verbal response. Time stamps indicating important events, such as anaesthetic administration, were manually inserted in the digital EEG record.
Global field synchrony
Koenig and colleagues 13 introduced GFS to capture global functional connectivity at a specific frequency, by quantifying synchronization between multichannel data as a function of phase. Functional connectivity describes correlations between spatially remote neurophysiological events, such as phase coupling of neural assemblies, without defining how these correlations are mediated. This is in contrast to effective connectivity, which is closer to the notion of a physical connection and defines the influence (direct or indirect) of one system over another. Therefore, GFS is by definition a measure of functional connectivity, and more specifically of 'global' functional connectivity, that is, it provides a measure of functional connectivity over the entire brain without implying that any particular brain source is involved in the studied process. Given that GFS estimates functional connectivity as the synchrony between the underlying multichannel phases, we will use the terms 'functional connectivity' and 'synchrony' interchangeably. Estimation of GFS is based on the intuitive idea that the existence of significant functional connectivity over a specific frequency range will result in the individual phases of the observed multichannel data being dominated by a single phase angle at that frequency range. Information concerning this single phase angle could be obtained from transforming each time series into the frequency domain and constructing a scatterplot of the individual channel phases: more elongated clouds correspond to bigger likelihood of the scatterplot being dominated by a single phase angle. As the spread of the cloud increases, the likelihood of more EEG-generating processes being active also increases, implying a smaller degree of global phase angle synchrony.
In order to estimate the GFS, the data are first transformed into the frequency domain via a fast Fourier transform (FFT). The FFT of a multichannel EEG time series results in sine and cosine coefficients for each electrode and frequency point. Following the idea introduced by Lehman and Michel, these coefficients can be displayed as a sine-cosine diagram (scatterplot), whereby each electrode is represented as a point in a twodimensional imaginary (sine) vs real (cosine) diagram at the frequency of interest. If we were to draw a vector from the origin to a point in the diagram, the length of this vector is the contribution of the frequency of interest to the signal at the given electrode, and the angle formed by this vector and the x-axis is the corresponding phase angle. The points in the sine-cosine diagrams of real EEG data tend to form an elongated ellipsoid constellation; this ellipsoid shape represents the fact that the observed EEG is not generated by a single underlying process, but by a number of sinusoidal processes with different amplitudes and phases. 18 If we were to characterize the multichannel data synchrony in terms of the individual phase differences between all pairs of electrodes, this would result in an exponential amount of estimated phase differences, that is, for N electrodes, there would be N×(N21)×(N22)/2 phase angle differences. A more computationally appealing solution is to approximate the multichannel synchrony as a function of a single multichannel phase angle, which can be estimated from the best-fit straight-line projection of the FFT constellation. One such best-fit straight-line approximation can be obtained from principal component analysis (PCA), which estimates, and projects the data onto, the axes of maximal variance. 19 Thus, the GFS can be estimated from the resulting PCA projection:
where l 1,2 are the PCA-estimated eigenvalues, representing the contribution of each variance direction to the single multichannel phase. Further details are provided in Supplementary Appendix SA.
GFS takes values in the range [0, 1] . If the phases of the observed time series are strongly dependent, then the Fourier transforms will form a straight line in the complex plane. This implies that the estimated normalized eigenvalues will be close to 1 and 0; thus, GFS will tend to 1. If the time series have unrelated phases, then l 1 ≈ l 2 ≈ 0.5; thus, GFS will tend to 0. In summary, higher GFS values can be interpreted as higher global functional connectivity, whereas the relative absence of a dominating phase leads to decreased GFS values and, thus, decreased global functional connectivity. The main advantages of GFS are that this is a reference-independent method, and no implicit/explicit model of the brain sources is needed for the interpretation of the findings. 13 
Methodology
A similar methodology as Koenig and colleagues 13 is followed.
The continuous EEG record of each patient was analysed over 2 s segments. The short duration is to ensure stationarity of the analysed EEG within each segment, a common practice in EEG analysis. 20 -22 For each segment, the index of GFS was estimated over the frequency range 1.5-80 Hz in steps of 0.25 Hz (data in the 40-60 Hz range were excluded to avoid any spurious synchrony arising from potential 50 Hz contamination). In order to investigate the changes in global synchrony during wakefulness and anaesthesia, the GFS was estimated first over the entire head, that is, using information from all available electrodes. Given that global synchrony captures connectivity relationships without implying that a particular brain region must be involved in the studied process, we extended our investigations to the study of GFS over smaller and more spatially localized subsets of brain regions (localized GFS). The rationale behind these localized GFS estimations was to investigate whether different brain regions exhibited different synchrony patterns. To estimate the localized GFS, the EEG was aggregated into five regions (Fig. 1 Using the markers in the EEG records indicating anaesthetic administration and recovery of consciousness, segments corresponding to the two conditions 'wakefulness' and 'anaesthesia' were identified. 'Anaesthesia' was defined as the activity contained within the markers for anaesthetic induction and recovery of consciousness, while the remaining activity corresponded to 'wakefulness'. Given that loss of consciousness typically occurs 10 -40 s after administration of the anaesthetic bolus, the first 50 segments (100 s) after the marker for anaesthetic induction were not included in the analysis; this ensured that segments corresponding to intubation were also excluded. Thus, 'anaesthesia' segments corresponded to surgical anaesthesia, that is, lack of response to painful and verbal stimuli. In addition, segments contaminated by diathermy artifacts were also excluded from the analysis. The
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Statistics
For each patient, the differences in the GFS values between 'wakefulness' and 'anaesthesia' were assessed using the twosided Wilcoxon rank-sum tests (a¼0.05) and two-sided paired Wilcoxon signed-rank tests (a¼0.05). The rank-sum test was used to assess the significance in the difference of wakefulness/anaesthesia GFS values for each individual patient, given that the number of samples was unequal for each condition (based on the duration of each condition in the individual patient EEG record). The paired signed-rank test was used to assess the significance of the patient-wise wakefulness/ anaesthesia mean GFS values, as in this case, the averaging process resulted in an equal number of samples for each condition. Given that the methodology does not consider simultaneous statistical inferences and statistical analysis is only performed for a single factor (wakefulness vs anaesthesia), there is no need to correct for multiple comparisons. Significant changes (increase or decrease) in GFS values between the two conditions and at each of the predefined frequency ranges were subsequently identified. Table 1 Number of patients for whom anaesthetic administration caused an increase/decrease in the mean GFS, estimated for each frequency range/brain area combination. Results shown are for all patients and no statistical significance was assessed. Cell format: 'a+, b2', where 'a' ('b') corresponds to the number of patients for whom anaesthetic administration caused an increase (decrease) in the mean GFS. EEG aggregates defined as: C, central; F, frontal; LT, left temporal; RT, right temporal; P, posterior. For example, 'C -F' denotes the EEG aggregate containing central and frontal areas. Bold values highlight the trend that corresponds to a particular frequency range/brain area combination (for easier identification of increasing or decreasing GFS) Table 2 Number of patients for whom anaesthetic administration caused a significant increase/decrease in the mean GFS, estimated for each frequency range/brain area combination. Statistical significance was assessed with a two-sided Wilcoxon rank-sum test (a¼0.05). Cell format: 'a+, b2', where 'a' ('b') corresponds to the number of patients for whom anaesthetic administration caused an increase (decrease) in the mean GFS. EEG aggregates defined as: C, central; F, frontal; LT, left temporal; RT, right temporal; P, posterior. For example, 'C -F' denotes the EEG aggregate containing central and frontal areas. Bold values highlight the trend that corresponds to a particular frequency range/brain area combination (for easier identification of increasing or decreasing GFS) Results Table 1 shows the number of patients who displayed either an increase or a decrease in the mean GFS during anaesthesia.
Widespread GFS
The entries in each cell of Table 1 are presented in the format 'a+, b2', where 'a' ('b') corresponds to the number of patients for whom anaesthetic administration caused an increase (decrease) in the mean GFS. The results shown in Table 1 are not assessed for statistical significance. Complementary information is provided in Table 2 , which shows the number of patients for whom anaesthetic administration caused a statistically significant increase (decrease) in the mean GFS. Statistical significance was assessed with a two-sided Wilcoxon rank-sum test (a¼0.05). The estimated mean widespread GFS values during wakefulness and anaesthesia are shown in Table 3 and Figure 2 . Entries in Table 3 Table 4 . Negative (positive) entries indicate a decrease (increase) in the mean GFS during anaesthesia. Localized GFS Figure 3 summarizes the patient-wise average synchronization trends observed at each frequency range. Each node in plots A -I represents one of the following aggregate brain areas: 'F', frontal; 'C', central; 'P', posterior; 'LT', left temporal; and 'RT', right temporal (for specific electrode locations contained in each aggregate, see the Methodology section). All nodes are connected by undirected lines, which represent the change in synchronization when the GFS is estimated using the multichannel EEG from electrodes contained in the specific aggregate areas only (as opposed to widespread GFS, where all 19 electrodes are taken into account). The thickness of the connecting lines represents the number of patients for whom an increase (solid line) or a decrease (dashed line) was identified in the GFS values during anaesthesia for the EEG aggregates defined by the two nodes connected by the line. A quantitative description of these diagrams can be obtained by considering Figure 3 together with Table 1 , which summarizes the changes identified both for widespread and localized GFS. The leftmost column in Table 1 indicates the corresponding EEG aggregate. For example, the combination 'C-F' denotes the fronto-central EEG aggregate (the specific electrode locations contained in each aggregate are given in the Methodology section). A quantitative description of the thickness of the connecting lines in Figure 3 can be obtained as follows: if we consider, for example, the entry for 'C -P' at the a1 range in Table 1 , then we can see that from the 29 patients, the GFS displayed an increase for 20 patients and a decrease for nine patients. Therefore, the general pattern identified here is an increase in synchrony over the a1 range, quantified by the ratio 20/29. This is represented in Figure 3Cwith a solid line (increase) between nodes 'C' and 'P', with a line thickness corresponding to the ratio 20/29. This localized analysis reveals that changes in synchrony are highly dependent on the particular frequency range/brain area combination. For example, investigations involving only fronto-central areas will indicate widespread decrease in all frequency ranges. This is in contrast to findings involving synchrony over temporo-posterior areas, over which synchrony increases in the mid-frequency ranges (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) . The general trend revealed: (i) a spatially diffuse decrease in GFS at the lower d and u frequencies (1.5 -7.5 Hz), followed by (ii) a more widespread increase in GFS over the a and b1 ranges (8-18 Hz), appearing first in temporal-posterior EEG aggregates and spreading, as frequency increased, in all brain areas; (iii) the increase in synchrony was maintained over the b2 and b3 ranges (18.5 -30 Hz) over temporal -posterior aggregates, while decreasing for all other areas. Finally, (iv) widespread desynchronization was observed at the g ranges (30.5-40, 60-80 Hz).
The most identifiable trend is the general decrease in the mean GFS during anaesthesia at the d (1.5-3.5 Hz), g1 (30-40 Hz), and g2 (60-80 Hz) frequency ranges; see Figure 3A , H, and I, respectively. However, the most robust change was observed in the g2 range and over the central-right temporal brain regions. Figure 4 shows an example of the GFS measure estimated over the central-right temporal areas at the g2 frequency range, for a randomly selected patient. The segments contained within the markers for 'induction' and 'recovery' correspond to anaesthesia, and the remaining segments to wakefulness. Artifact values caused by diathermy contamination are also indicated in the figure. As described in the Methodology section, the 50 segments (100 s) immediately after induction were not included in the analysis (marked as 'excluded segments'). For this particular combination, all patients studied displayed a statistically significant decrease in GFS during anaesthesia. The reliability of the GFS estimated over the particular frequency range and brain region constitutes this frequency/spatial combination an important candidate for the future development of a clinical index. The effects identified in our analysis of 60-80 Hz cannot be attributed to EMG activity since the majority of the patients received neuromuscular blocking agents, thus excluding the possibility of data contamination by patient EMG activity.
Patient-wise trends
The widespread estimates of the mean GFS during wakefulness and anaesthesia (as shown in Table 3 ) are pooled together for all patients, resulting in the patient-wise mean GFS values during wakefulness (m awake ) and anaesthesia (m anaesthesia ), in order to assess the statistical significance of the general synchrony trends observed. All 29 patients were pooled together, regardless of whether they displayed an increase or a decrease in the GFS during anaesthesia. The paired two-sided Wilcoxon signed-rank tests (a¼0.05) show that the patient-wise changes in the d, u, a2, g1, and g2 frequency ranges only (1.5-7.5, 10.5-12, 30.5-40, 60-80 Hz) are statistically significant (Table 5) . However, these patient-wise significance trends must be interpreted with caution, as the large inter-subject variability of the actual GFS values is not taken into account.
Discussion
These findings tend to show that the decrease in global synchrony in the g ranges during anaesthesia could be an important indicator for anaesthetic administration. In addition, we observed spatially widespread decrease in global synchrony between all brain regions. These observations agree with, and further support, similar findings reported in the literature. Evidence points towards a key role of the cortico-thalamic system in 'synchronizing widespread populations of cortical and thalamic cells during high-frequency oscillations that underlie discrete conscious events'. 9 23 24 The same mechanism is most likely responsible for the suppression of consciousness during anaesthesia with different anaesthetic agents.
Since the EEG also reflects the neuronal activity of the thalamocortical network, 23 the mechanisms underlying the operation of this network are important in understanding the observed EEG activity: the property of all thalamic cells to switch their firing behaviour between two states (tonic and bursting) underlies the relay, or its disruption, of sensory information to the cortex. When the thalamic cells are relatively depolarized (tonic firing), the thalamic neurones that project to the cortex relay activity from the peripheral sense organs to the cortex with little degradation of temporal or spatial information. Further, this is accompanied by a grouping of the thalamic relay cells into discharging assemblies firing synchronously at 40 Hz. The nature of the thalamo-cortical connections leads to a spread of this 40 Hz activity across the cortex as cortical and thalamic cells are systematically recruited during the process of binding the different stimulus aspects into a coherent event. These low-voltage waves in the g range have been considered as accompaniments of higher cognitive states, including perception. In contrast, in drowsy inattentiveness and slow wave sleep, the thalamic relay neurones are driven towards burst firing, during which high-frequency bursts of action potentials are slowly discharged and appear as highamplitude spindle waves and d waves in the EEG. John and colleagues 9 support that this increase in slow hypersynchronous waves exerts an inhibitory influence in the neuronal populations contained within an anteriorized system of structures (also including the thalamus) upon which perception is critically dependent, resulting in its de-differentiation and disorganization. Given the electrophysiological similarities between sleep and anaesthesia, it is most likely that the same thalamocortical mechanism also underlies anaesthetic-induced unconsciousness. However, the comparison of sleep and anaesthesia must be performed with caution: despite the electrophysiological similarities, current literature suggests that a different sequence of events drives these two processes, 25 and that thalamo-cortical connectivity appears to be unchanged during anaesthetic-induced loss of consciousness. 26 (Specifically, recent evidence by Hudetz 27 suggests that anaesthetic-induced loss of consciousness preserves specific thalamo-cortical connectivity, while altering the non-specific one.) Anaesthetic-related disruption of local and long-range synchrony was reported in a number of studies. Data from the study of coherence during anaesthesia suggest a functional disconnection of anterior and posterior brain regions, maintained throughout the duration of anaesthesia, and reversed at recovery of consciousness. 11 However, coherence considers both the phase and the amplitude of the signals; therefore, it is difficult to identify whether an increase in coherence is related to the amplitude or phase alone. For example, in a study by Cimenser and colleagues, 10 the increase in coherence at frontal locations in the a frequency range (8-12 Hz) was most likely a result of the observed anteriorization of a power over frontal leads during anaesthesia and not a reflection of increased synchronization. Other related work includes the work by Imas and colleagues, 28 who studied the effects of isoflurane on anterior-posterior coherence in 5-50 Hz. It was also found that isoflurane significantly reduced anterior -posterior coherence in a concentrationdependent manner. This highlighted the importance of longrange interactions in the emergence of consciousness, contrary to local interactions where the administration of isoflurane did not affect local coherence. Similar antero-posterior decrease in coherence was found by John and colleagues, 9 particularly in the lower (1.5-7.5 Hz) and higher (25- 30 show the crucial role of (de)synchronization in information binding in the brain in the lower frequency ranges (,7.5 Hz). During anaesthesia, the phases in the d (0.5-3.5 Hz) and u (3.5-7.5 Hz) ranges are poorly synchronized in the cortex and thalamus, playing a crucial role in inhibition and unbinding of information and, thus, resulting in the absence of consciousness during anaesthesia. Our findings are also partly in agreement with Pockett and Holmes, 31 who studied phase synchrony during 'unconsciousness' in the few minutes following a GrandMal epileptic seizure in three patients. Even though their finding of increased synchrony during 'unconsciousness' in the 12-18 Hz agrees with our findings, they also report synchrony increase in the 40-46 Hz range, contrary to our findings and other literature. This could be partly attributed to the particular type of synchrony captured by each method. GFS has several attributes that make it particularly appealing as an index of (un)consciousness. First, GFS isolates changes in functional connectivity resulting from phase information alone; this is important considering that existing theories indicate an important role of phase synchrony in cognitive state changes. This is in contrast to, for example, coherence where variations due to changes either in signal amplitude, phase, or both cannot be distinguished. The ability to isolate phase-related changes in specific frequency ranges is also appealing. Even though this is not unique to GFS, other measures of phase synchrony can only be applied to signals that have been filtered with a very narrow bandpass filter. GFS, however, does not have such signal bandwidth limitations. Secondly, GFS can provide both global and more spatially localized information. A GFS-based clinical index of hypnosis could still provide 'global' information by considering a subset, rather than a full set, of electrodes. Therefore, its application can be tailored to the needs of the particular problem and information could be as broad or as localized as needed. Thirdly, GFS provides a single index of global phase information estimated using a non-parametric and multivariate method. It does not assume an underlying data model and does not require estimation of multiple model parameters; the latter is also advantageous as GFS can be estimated from small segments. Its multivariate nature also ensures that all available information is taken into account.
To summarize, the novel application of GFS revealed widespread de-synchronization during anaesthesia over low (1.5 -7.5 Hz) and high (.30.5 Hz) frequency ranges. These findings implicate that GFS in the g range is potentially an important indicator that could be used for anaesthetic administration. Important information can be obtained from studying both widespread synchrony, but also from studying more spatially localized synchrony by considering smaller EEG aggregates at various frequency ranges. This study provides an informed starting point for particular frequency range/brain area combinations that show reliable changes in synchrony for the development of a GFS-based clinical index of consciousness. Our findings provide additional support to existing literature and encourage further, more extensive, investigations concerning the application of GFS to the study of loss of consciousness, and the future development of a GFS-based clinical index of hypnosis during surgery.
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